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The top partner as a hallmark of the Littlest Higgs Model with T -parity (LHT model) has been extensively 
searched for during the Large Hadron Collider (LHC) Run-1. With the increasing mass limits on the top 
partner, the single production of the top partner will be dominant over the pair production. Under the 
constraints from the Higgs data, the electroweak precision observables and Rb , we ﬁnd that the mass of 
T -even top partner (T+) has to be heavier than 730 GeV. Then, we investigate the observability of the 
single T -even top partner production through the process pp → T+ j with the sequent decay T+ → th in 
the di-photon channel in the LHT model at the LHC. We ﬁnd that the mass of T+ can be excluded up to 
800 GeV at 2σ level at 14 TeV LHC with the integrated luminosity L = 3 ab−1.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The discovery of a 125 GeV Higgs boson at the LHC Run-1 
[1,2] is a major step towards elucidating the electroweak symmetry 
breaking mechanism and marks a great triumph of the Standard 
Model (SM). However, without protection by a symmetry in the 
SM, the Higgs mass is quadratically sensitive to the cutoff scale 
via radiative corrections, rendering the theory with mh   rather 
unnatural. This electroweak naturalness problem is widely consid-
ered as a major motivation for new physics beyond the SM.
Among many extensions of the SM, the Littlest Higgs Model 
with T -parity (LHT model) is one of the most promising candi-
dates that can successfully solve the electroweak naturalness prob-
lem [3–5]. It is based on a nonlinear sigma model with a global 
SU(5) symmetry, which is broken down to SO(5) by a vacuum con-
densate f ∼ /4π TeV. At the same time, the gauged subgroup 
[SU(2) × U (1)]2 is broken to its diagonal subgroup SU(2) × U (1)
that is identiﬁed as the SM electroweak gauge group. All quadrati-
cally divergent one-loop contributions to the Higgs mass only ﬁrst 
appear at two-loop level, but their values are suppressed by an ad-
ditional loop factor and thus are suﬃciently small to prevent the 
little hierarchy problem from being re-introduced at the TeV scale. 
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SCOAP3.Due to the implementation of the T symmetry, the top quark sec-
tor is enlarged, which leads to the abundant phenomenology of 
top quark sector in the LHT model. In particular, the vector-like 
top partner that is related to the mechanism of canceling the large 
quadratic divergences in the Higgs mass from the SM top quark 
loop has been widely studied [6].
Since the top partner plays an important role in understanding 
the electroweak naturalness problem, the ATLAS and CMS collabo-
rations have performed the searches for the vector-like top partner 
through the pair or single production with different ﬁnal states 
bW , t Z and th during the LHC Run-1. They have excluded the top 
partner with the mass less than about 700 GeV [7,8]. However, 
their bounds strongly depend on the assumptions on the decay 
branching ratios and the properties of the top partner, in particular 
its group representations. On the other hand, the indirect searches 
for the top partners through their contributions to the electroweak 
precision observables (EWPOs) [5], Z -pole observables [9,10] and 
the ﬂavor physics [11] have been extensively investigated. The non-
observation of the top partners, in conjunction with the EWPOs 
and the recent discovery of a 125 GeV Standard Model-like (SM-
like) Higgs boson, has tightly constrained the parameter space of 
the LHT model where the top partner can be light [12–15]. Theo-
retically, the LHT model with the top partner at TeV scale usually 
suffers from a higher degree of ﬁne tuning. But phenomenologi-
cally, such a TeV top partner can be well probed at the LHC and 
future high energy colliders. under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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production through the process pp → T+ j with the sequent decay 
T+ → th in the di-photon channel in the LHT model at the LHC. 
As the increasing mass limits on the top partner, the single top 
partner production will have the larger cross section than the pair 
production at the LHC, due to the collinear enhancement for the 
light quark emitting a W -boson in the high energy region [16]. 
In addition, the single fermionic top partner production has the 
unique event topology that offers a great opportunity to get rid 
of the large SM backgrounds. So the single top partner production 
is becoming more and more important at the LHC.1 The analy-
ses of the singly produced top partners that decay to bW and t Z
have been performed in Ref. [17] and Ref. [18], respectively. Using 
the boosted object tagging methods, the authors in Ref. [19] stud-
ied the search strategies of the single top partner production with 
the sequent decay T ′ → th in various hadronic decay channels. In 
comparison with these existing studies, the h → γ γ channel usu-
ally has the small cross section but the very distinctive ﬁnal states. 
Therefore, such a channel may become a complementary to the 
hadronic channels in the searches for the top partner.
This paper is organized as follows. In section 2, we give a brief 
description of the top partner sector of the LHT model and per-
form a scan of the parameter space of the LHT model. Then we 
calculate the cross sections of the T -even top partner productions 
and its decay branching ratios in the allowed parameter space. In 
section 3, we study the sensitivity of T+(→ th) j production in 
diphoton channel at 14 TeV LHC. Finally, we draw our conclusions 
in section 4.
2. Top partner in the Littlest Higgs Model with T-parity
The LHT model is a non-linear σ model based on the coset 
space SU(5)/SO(5). For the top quark sector of LHT model, two 
singlet ﬁelds TL1 and TL2 (and their right-handed counterparts) 
are introduced to cancel the large radiative correction to the Higgs 
mass caused by the top quark loop. The Lagrangian containing the 
neutral Higgs boson interactions are given by:
Lt ⊃ −λ1 f
(
s√
2
t¯L+t
′
R +
1+ c
2
T¯ ′L+t
′
R
)
− λ2 f (T¯ ′L+ T ′R+ + T¯ ′L− T ′R−) + h.c. (1)
where c = cos(
√
2h/ f ) and s = sin(
√
2h/ f ). We have de-
ﬁned the T -parity eigenstates as tL+ = (tL1 − tR1 )/
√
2, T ′L± =
(TL1 ∓ TL2 )/
√
2 and T ′R± = (TR1 ∓ TR2 )/
√
2. Note that T -odd Dirac 
fermion T− ≡ (T ′L− , T ′R− ) does not have the tree level Higgs bo-
son interaction, and thus it does not contribute to the Higgs 
mass at one-loop level. The two T -even combinations (tL+ , t
′
R) and 
(T ′L+ , T
′
R+ ) are mixed as:
LT -evenmass = −(t¯L+ T¯ ′L+)M
(
t′R
T ′R+
)
+ h.c. , (2)
with
M =
(
λ1 f√
2
s 0
λ1 f
2 (1+ c) λ2 f
)
. (3)
The mass matrix (3) can be diagonalized by deﬁning the linear 
combinations,
1 In recent works [20,21], the single stop production is also found to be a useful 
probe of the naturalness of the MSSM at the high luminosity LHC.tL = cosβ tL+ − sinβ T ′L+ , TL+ = sinβ tL+ + cosβ T ′L+
tR = cosα t′R − sinα T ′R+ , TR+ = sinα t′R + cosα T ′R+ (4)
where we used the dimensionless ratio R = λ1/λ2 to deﬁne the 
mixing angles α and β ,
sinα = R√
1+ R2 , sinβ =
R2
1+ R2
v
f
. (5)
The T -even Dirac fermion T+ ≡ (TL+ , TR+ ) is responsible for can-
celing the quadratic divergence to the Higgs mass induced by the 
top quark loop.
Both T+ and T− acquire a mass of order f from a Yukawa-like 
Lagrangian. The masses of the top quark and its partners are given 
at O(v2/ f 2) by
mt = λ2vR√
1+ R2
[
1+ v
2
f 2
(
−1
3
+ 1
2
R2
(1+ R2)2
)]
mT+ =
f
v
mt(1+ R2)
R
[
1+ v
2
f 2
(
1
3
− R
2
(1+ R2)2
)]
mT− =
f
v
mt
√
1+ R2
R
[
1+ v
2
f 2
(
1
3
− 1
2
R2
(1+ R2)2
)]
(6)
where R and λ2 are considered to be free parameters. However, 
by using the measured top quark mass, we can ﬁx λ2 for a given 
( f , R). Therefore, the only f and R are the free parameters in the 
top partner sector. On the other hand, R  3.3 is required by the 
tree level unitarity limit of the J = 1 partial-wave amplitudes in 
the coupled system of (tt¯, T+ T¯+, bb¯, W+W−, Zh) states [22]. From 
Eq. (6), we can see that the T -even top partner is always heav-
ier than the T -odd heavy top partner, but it has more interesting 
phenomenological signatures due to the complicated decay modes. 
Besides, it is directly related to the electroweak naturalness of the 
LHT model. So, we will focus on the T -even top partner in this 
work.
Since there are usually two possible ways (they are denoted as 
Case A and Case B [23]) to construct the T -invariant Lagrangians 
of the Yukawa interactions of the down-type quarks and charged 
leptons, we will study both cases in our following parameter space 
scan. Up to O (v4SM/ f 4), the ratios of the Higgs couplings with the 
down-type quarks ghdd¯ with respect to the SM prediction g
SM
hdd¯
can 
be expressed as,
ghd¯d
gSM
hd¯d
= 1− 1
4
v2SM
f 2
+ 7
32
v4SM
f 4
Case A
ghd¯d
gSM
hd¯d
= 1− 5
4
v2SM
f 2
− 17
32
v4SM
f 4
Case B. (7)
3. Constraints on the LHT model
In our calculations, we assume a common Yukawa coupling κ
for all the mirror fermions and scan over the free parameters κ , 
f and R within the following region,
500 GeV f  2000 GeV, 0.1 R  3.3, 0.6 κ  3, (8)
where κ  0.6 is from the constraint of the search for the mono-
jet events at the LHC Run-1 [12]. Our scan approach is based on 
the frequentist theory, which has been used in our previous works 
[14]. For a set of observables {Oi}, the experimental measurements 
are assumed to be Gaussian distributed with the mean value Oexpi
and error σi . The χ2 can be deﬁned as χ2 =
N∑ (Othi −Oexpi )2
σi2
. 
i
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χ2i ] for each point in the parameter 
space is calculated with the χ2 statistics as a sum of individual 
contributions from the latest experimental constraints. The conﬁ-
dence regions are evaluated by the proﬁle-likelihood method from 
the values of δχ2 ≡ −2 ln(L/Lmax). For dimension three scan, 
1σ (2σ) range is given by δχ2 = 3.53 (8.02). We construct the 
likelihood function L by using the following constraints:
(1) The electroweak precision observables: S , T and U . In the LHT 
model, the top partner can correct the propagators of the elec-
troweak gauge bosons at one-loop level. Meanwhile, due to the 
composite nature of the Higgs boson, the S and T parameters 
are modiﬁed by the deviation of the Higgs gauge couplings 
hV V from the SM prediction [5]. Besides, the UV operators 
can contribute to the S and T parameters [24]. The couplings 
of the UV operators are set as cs = ct = 1 [12]. We use the 
experimental values of S , T and U from Ref. [25].
(2) Rb . In the LHT model, the new mirror fermions and new 
gauge bosons can contribute to the Zbb¯ coupling and give 
the corrections to the Rb at one-loop level [10]. The ﬁnal 
combined result from the LEP and SLD measurements show 
Rb = 0.21629 ± 0.00066 [25], which is consistent with the 
SM prediction RSMb = 0.21578+0.0005−0.0008. In our work [10], it was 
also found that the LHT model can only slightly alleviate the 
tension between the AbFB measurement and its SM prediction 
since the correction of the new particles to Zbb¯ couplings is 
mainly on the left-handed coupling.
(3) Higgs data. The signal strength of one speciﬁc analysis from a 
single Higgs boson can be given by
μ =
∑
i
ciωi, (9)
where the sum runs over all channels used in the analysis. 
For each channel, it is characterized by one speciﬁc production 
and decay mode. The individual channel signal strength can be 
calculated by
ci = [σ × BR]i
[σSM × BRSM]i
, (10)
and the SM channel weight is
ωi = i [σSM × BRSM]i∑
j  j [σSM × BRSM] j
, (11)
where i is the relative experimental eﬃciencies for each 
channel. But these are rarely quoted in experimental publica-
tions. In this case, all channels considered in the analysis are 
treated equally, i.e. i = 1. We confront the modiﬁed Higgs-
gauge interactions hV V , hgg and hγ γ within our model with 
the Higgs data by calculating the χ2H of the Higgs sector us-
ing the public package HiggsSignals-1.4.0 [26], which includes 
the available Higgs data sets from the ATLAS, CMS, CDF and 
D0 collaborations. We choose the mass-centered χ2 method 
in the package HiggsSignals.
On the other hand, the current LHC direct searches for the multi-
jet with the transverse missing energy can also produce the 
bounds on the parameter space of the LHT model. However, they 
are not strong enough to push the exclusion limits much be-
yond the indirect constraints [12]. So in our scan, we consider the 
above indirect constraints. It should be mentioned that since the 
SM ﬂavor symmetry is broken by the extension of the top quark 
sector, the mixing between top partner and down-type quark 
can induce ﬂavor changing neutral current processes at one-loop Fig. 1. Excluded regions (above each contour) in the R versus f plane of the LHT 
model for Case A and Case B, where the parameter κ is marginalized over.
Fig. 2. Feynman diagrams for the single T -even top partner production at the LHC.
level [11]. Among them, the most sensitive one is the rare decay 
Bs → μ+μ− . The latest combined result from the CMS and LHCb 
measurements has shown Brexp(Bs → μ+μ−) = (2.9 ± 0.7) × 10−9
[27], which is well consistent with the SM prediction BrSM(Bs →
μ+μ−) = (3.56 ± 0.30) × 10−9 [28]. We checked our samples and 
found that the constraints from Bs → μ+μ− can be easily satis-
ﬁed within the current uncertainty due to the heavy mirror quark 
contributions being small.
In Fig. 1, we present the excluded regions (above each contour) 
by the global ﬁt of the Higgs data, EWPOs and Rb in the R ver-
sus f plane of the LHT model for Case A and Case B, where the 
parameter κ is marginalized over. From Fig. 1, we can see that 
the symmetry breaking scale f has been excluded up to about 
589 (518) GeV at 2σ level for Case A (B),2 which corresponds to 
mT+ = 829 (730) GeV for R = 1. The reason for lower bound on f
in Case B compared to Case A is that the reduced bottom Yukawa 
coupling in Case B is smaller than that in Case A (cf. Eq. (7)), which 
leads to a higher suppression of the branching ratio of h → bb¯, 
and hence an enhancement of all other decay rates. Such results 
are more consistent with the current LHC Higgs data, in particu-
lar with the ATLAS measurements, where a generic enhancement 
in the non-fermionic decays of the Higgs is reported.
4. T+(→ th) j production in the diphoton channel at the LHC
4.1. Single and pair production of T+
At the LHC, the single production of the T -even top partner is 
induced by the electroweak interaction and proceeds through the 
processes depicted in Fig. 2. We investigate the t-channel process 
qb → T+q via W -exchange, which has the largest cross section 
among the three single production modes. In our numerical cal-
culations, we use the input parameters of the SM as [25]
mt = 173.07 GeV, mW = 80.385, mZ = 91.19 GeV,
2 These results are slightly weaker than Refs. [12,14] because of the marginaliza-
tion over the parameter κ .
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LHC.
sin2 θW = 0.2228, α(mZ )−1 = 127.918. (12)
Besides, the Higgs mass is taken as mh = 125.09 GeV [29] and 
the CKM matrix is assumed to be diagonal. We use CTEQ6L as 
the parton distribution functions (PDF) in the calculation of the 
hadronic level cross section of the process qb → T+ j [30]. The 
renormalization scale μR and factorization scale μF are chosen to 
be μR = μF = mT+/2. Since the mirror fermion Yukawa coupling 
κ is independent of the single top partner production, we ﬁx κ = 2
for simplicity.
In Fig. 3, we show the dependence of the cross section of the 
process qb → T+q on the symmetry breaking scale f and the 
mixing parameter R in the LHT model at 14 TeV LHC, where 
the contribution of the charge-conjugate process T¯+q is not in-
cluded. Since the coupling of T+bW is proportional to the ratio 
R2/(1 + R2), the cross section of the process qb → T+q will be-
come larger with the increase of R . However, the mass of T+
also depend on the mixing parameter R (cf. Eq. (6)). Therefore, 
from Fig. 3, we can see that the cross section of the process 
qb → T+q′ maximally reach about 295 fb when f = 600 GeV and 
R = 1.5. With the increase of the T+ mass, its cross section de-
creases rapidly and is less than 1 fb if f ≥ 920 (1370) GeV for 
R = 0.5 (2.0).
4.2. LHC observability of T+(→ th) j → t(→ b+v)h(→ γ γ ) j
In the LHT model, decay channels of the T -even top partner in-
clude T+ → bW , T+ → t Z , T+ → th and T+ → T−AH . Due to the 
Goldstone-boson equivalence theorem, we can have the branching 
ratios relationship 12Br(bW )  Br(t Z)  Br(th) in the limit f  v . 
In the following calculations, we perform the Monte Carlo simula-
tion and explore the sensitivity of T+ j production at 14 TeV LHC 
through the channel,
pp → T+(→ th) j → t(→ b+v)h(→ γ γ ) j, (13)
which features that two photons in the ﬁnal states appear as a 
narrow resonance centered around the Higgs boson mass. There-
fore, the SM backgrounds to Eq. (13) include the resonant and the 
non-resonant processes. For the former, they have a Higgs boson 
decaying to diphoton in the ﬁnal states, such as tt¯h and thj pro-
ductions. For the latter, they are the diphoton events produced in 
association with top quarks, such as t jγ γ and tt¯γ γ productions.
We merge the effective interaction hγ γ into the LHT model ﬁle 
[12] that are generated by the package FeynRules [31]. We cal-
culate the partial decay widths of T+ with the Madgraph5 [32]and feed their values into the parameter card. The branching ra-
tio of h → γ γ is normalized to its LHT model prediction. We 
generate the signal and background events by using MadGraph5
and perform the parton shower and the fast detector simulations 
with PYTHIA [33] and Delphes [34], respectively. When generat-
ing the parton level events, we assume μR = μF to be the default 
event-by-event value. We cluster the jets by choosing the anti-kt
algorithm with a cone radius R = 0.5 [35]. The b-jet tagging eﬃ-
ciency is parameterized as a function of the transverse momentum 
and rapidity of the jets [36]. In the simulation, we generate 1.2 
million events for the signal and each background, respectively. 
The cross section of tt¯h and thj production are normalized to their 
NLO values [37,38].
In Fig. 4, we show the transverse momentum distributions pγ
1
T
and pγ
2
T (upper panel), the invariant mass distributions mγ1γ2
and mγ1γ2b of the signals and backgrounds at 14 TeV LHC. The 
two signal benchmark points correspond to ( f , R) = (500, 0.5)
and (800, 0.5), which give the T -even top partner mass mT+ =
900 GeV and 1420 GeV, respectively. Since the Higgs boson is 
boosted in the heavy top partner decay, the two photons from 
the Higgs decay in the signals have the harder pT spectrum than 
the backgrounds. In comparison with the hadronic decay of the 
Higgs boson, the γ γ channel has the good resolution on the γ γ
resonance. From Fig. 4, we can see that the spreading of the γ γ
invariant mass peak at mh for the signals and the resonant back-
grounds are relatively small. A narrow invariant mass window, 
such as mγ γ −mh < 5 GeV, will greatly reduce the non-resonant 
backgrounds t jγ γ and tt¯γ γ . Besides, the invariant mass distribu-
tion mγ γ b has an endpoint round the mass of mT+ , which can be 
used to remove the backgrounds effectively.
According to the above analysis, we require the events to satisfy 
the following criteria:
• cut-1: there is exact one isolated lepton with pT (1) > 20 GeV
and exact one b-jet with pT (b1) > 25 GeV. At most two hard 
jets have pT ( j1,2) > 25 GeV;
• cut-2: there are two photons with pγ1T > 120 GeV and pγ2T >
70 GeV;
• cut-3: the invariant mass of two photons mγ1γ2 should be in 
the range of mh ± 5 GeV;
• cut-4: the invariant mass of two photons, b-jet and lepton 
mγ1γ2b is greater than mT+/2.
In Table 1, we present the keeping eﬃciency cut-i (i = 1, 2,
3, 4, all) of the background events t jγ γ , ttγ γ , tt¯h, thj and the 
signal event T+ j with f = 500 GeV and R = 1.5 under the above 
cut ﬂow at 14 TeV LHC. From Table 1, we can see that the jet mul-
tiplicity selection N j ≤ 2 (i.e. cut-1) suppresses the backgrounds 
involving tt¯ ﬁnal states, such as tt¯γ γ and tt¯h. All the backgrounds 
are greatly removed by the requirement of the two high pT pho-
ton (i.e. cut-2) since the photons in the signal are from the boosted 
Higgs boson in the heavy top partner decay. The non-resonant 
backgrounds t jγ γ and tt¯γ γ are eﬃciently reduced by O(10−2)
due to the Higgs mass cut (i.e. cut-3). The requirement of the 
high invariant mass mγ1γ2b >mT+/2 (i.e. cut-4) can hurt the back-
ground thj more than the signal. So after all cuts, the largest back-
ground is tt¯h because of its large cross section.
In Fig. 5, we plot the contours of the statistical signiﬁcance 
S/
√
B of pp → T+ j in the Higgs to diphoton channel at 14 TeV 
LHC on the plane of the integrated luminosity L versus the sym-
metry breaking scale f , where the mixing parameter R is ﬁxed at 
1.5. The contribution of the charge conjugate process pp → T¯+ j
has been included in the calculations. From Fig. 5, we see that 
the scale f can be excluded up to 520 GeV (mT+ = 800 GeV) 
668 N. Liu et al. / Physics Letters B 753 (2016) 664–669Fig. 4. The event fractions of the signals and the backgrounds with respective to the transverse momentum distributions pγ
1
T and p
γ 2
T (upper panels), the invariant mass 
distributions mγ1γ2 and mγ1γ2b (lower panels) at 14 TeV LHC. The two signal benchmark points correspond to ( f , R) = (500, 0.5) and (800, 0.5), which give the T -even top 
partner mass mT+ = 900 GeV and 1420 GeV, respectively.
Table 1
The keeping eﬃciency cut-i (i = 1, 2, 3, 4, all) of the background events t jγ γ , ttγ γ , tt¯h, thj and the signal event T+ j with f = 500 GeV and R = 1.5 (corresponding to 
mT+ = 770 GeV) at 14 TeV LHC.
t jγ γ ttγ γ tt¯h thj T+,770 j
σ(pb) 0.012 0.011 0.586 0.088 0.299
cut-1 0.99 0.67 0.65 0.99 0.98
cut-2 0.21 0.20 0.28 0.25 0.51
cut-3 0.009 0.015 0.47 0.48 0.46
cut-4 0.25 0.31 0.24 0.13 0.29
cut-all 7.50× 10−6 4.17× 10−6 2.16× 10−4 8.04× 10−4 1.4× 10−2at 2σ level at 14 TeV LHC with the integrated luminosity L =
3 ab−1. This is mildly better than the current indirect bound 
mT+ > 730 GeV. If the luminosity can reach about 10 ab
−1, the 
2σ exclusion limit of the scale f will be pushed up to 610 GeV 
(mT+ = 936 GeV). On the other hand, it is worth mentioning that 
the top quark from the decay of T+ → th usually has the unbal-
anced polarization states because of the T+th coupling being,
ChtT+ = −imt(
1
1+ R2
1
f
P R − R 1
v
PL). (14)
Such a feature may lead to the different angular distributions of 
the top quark decay products from those of the dominant back-
grounds pp → tt¯h via QCD interaction and pp → thj via the SM 
electroweak interaction, which may be utilized to further distin-
guish the signal from its backgrounds [39,40].5. Conclusion
In this paper, we ﬁrstly examined the parameter space of the 
LHT by considering the constraints from the Higgs data, the elec-
troweak precision observables and Rb , and found that the mass of 
T -even top partner (T+) should be heavier than 730 GeV. Then, 
under these constraints, we calculated the cross sections of the 
single T+ production and the pair T+ production and the various 
branching ratios of T+ . Finally, we investigated the observability of 
the single T+ production through the process pp → T+ j with the 
sequent decay T+ → th in the di-photon channel in the LHT model 
at the LHC. We found that the mass of T+ can be excluded up to 
800 GeV at 2σ level at 14 TeV LHC with the integrated luminosity 
L = 3 ab−1, which is mildly better than the current bound from 
the indirect searches.
N. Liu et al. / Physics Letters B 753 (2016) 664–669 669Fig. 5. Contour plots of the statistical signiﬁcance S/
√
B of pp → T+ j in the Higgs 
to diphoton channel at 14 TeV LHC on the plane of the integrated luminosity L
versus the symmetry breaking scale f , where the mixing parameter R is ﬁxed at 
1.5. The contribution of the charge conjugate process pp → T¯+ j has been included.
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